INTRODUCTION
Scattering attenuation of seismic coda waves (Aki, 1969) , recorded as the tail portion of a seismogram, has been widely used to measure the small-scale random heterogeneities in the lithosphere (e.g., Aki and Chouet, 1975) . Seismic coda waves scattered by small-scale heterogeneities could contain information on stress changes of the medium (Seeber and Armbruster, 2000) , as a result of changes in the physical state of materials. In the past decades, coda attenuation has been commonly measured in the frequency range of 1 to 30 Hz and used as a useful seismological tool to estimate the strength of random heterogeneity in the lithosphere, but whether there is a direct relationship with tectonic stress changes is as yet uncertain. In laboratory ultrasonic measurements, rocks are exposed to various defined pressure conditions under control, which facilitates the investigation of stress-associated scattering attenuation. However, only direct ultrasonic waves are used for velocity and attenuation estimations. The ultrasonic coda is often ignored, possibly because of the sample-size limitation of experiments, the contamination of boundary reflections, the unknown heterogeneity in rocks, and the complexity of received waveforms (Stacey and Gladwin, 1981) .
The motivation of this study is to investigate the influence of stress changes on ultrasonic coda attenuation. Ultrasonic waveforms are measured on a cylindrical rock sample with intra-grain pores and fractures under triaxial loading conditions, with pore pressure rising incrementally from 5 to 60 MPa at a constant confining pressure of 65 MPa, then returning to 5 MPa. The S intrinsic attenuation quality factor is calculated from the direct S waveform using the spectral ratio methods of Töksoz et al. (1979) . We present a Monte-Carlo multiplescattering simulation for ultrasonic energy transport under different stress conditions in the finite cylindrical environment. Ultrasonic scattering attenuation by small-scale random heterogeneities inside the rock sample is estimated by taking into account boundary reflections from the side ends of the rock sample. The resulting coda quality factors under different stress conditions can provide insight into the stress-dependent characteristics of ultrasonic coda attenuation. Comparison of the intrinsic and coda attenuations induced by stress variations shows a greater sensitivity of coda attenuation to pore-pressure changes. It improves our understanding of the mechanism of ultrasonic coda attenuation and its scaling dependence on stress. The study confirms that the stress-induced changes in heterogeneous cracks and intra-grain pores of rock make a great impact on the estimate of scattering parameters.
MONTE-CARLO SIMULATION
The Monte-Carlo numerical method (e.g. Gusev and Abubakirov, 1987; Hoshiba, 1991) has been widely used to investigate the effect of small-scale random heterogeneities in
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the lithosphere on coda envelopes characterized by seismic scattering and attenuation. In this article, we make use of a Monte-Carlo simulation to synthesize ultrasonic envelopes for the cylindrical rock sample. The simulation is restricted to acoustic wave equations rather than elastic wave equations because the only S-wave excitation is studied here. S-coda quality factor Q sc is defined to give an approximate estimation for S coda attenuation.
To synthesize via a Monte-Carlo simulation the energy distribution of ultrasonic multiple-scattered coda waves for a 3D cylindrical rock sample (Figure 1 ), several assumptions are required. For simplicity, let us suppose a 3D medium in which the scattering coefficient (Dainty and Toksöz, 1981) g is spatially uniform for isotropic scattering, implying that the random distribution of scatterers in the rock sample is considered to be homogeneous and isotropic. The scattering power per unit volume is characterized by scattering coefficient g = , where  is the effective scattering cross-section and  is the density of scatterers, In the simulation, a point-like impulsive source is assumed for spherical radiation, and the mean velocity v is constant throughout the rock sample. There is no intrinsic absorption of energy. The outgoing direction of ultrasonic energy is chosen randomly with a uniform probability distribution in the spherically symmetric space. The Monte-Carlo simulation represents the propagation of Swave energy by the movement of many particles. Each energy particle represents an acoustic wavelet of unit energy. The energy density for each order of scattering wave is computed separately. The multiple-scattering effects are obtained by summing over all orders of energy densities. In the laboratory, the source-receiver array is along the rotational axis of the cylindrical rock sample. An ultrasonic energy particle from a pulse generator propagates mainly along a straight line. After multiple scattering by heterogeneities, it is monitored by a digital oscilloscope on the opposite side of the sample. As denoted in Yoshimoto (2000) , the scattering process for an energy particle shooting from a point source can be described by takeoff angle and azimuth angle , given randomly as
where U 1 and U 2 are the random numbers between 0.0 and 1.0, generated uniformly and independently. Equations (1) and (2) ensure a uniform probability distribution of the particle's shooting direction on the focal sphere.
After shooting, ray theory can be used to simulate the propagation of the energy particle in the 3-D medium and calculate its location at a certain lapse time. For a small time interval t, the particle propagates over a distance of vt along a path. The probability of the occurrence of scattering along this path is 1-exp(-gvt), which is approximately equal to gvt. Under the condition of gvt < 1, the process of propagation approximately alternates free propagation with scattering, that is, the particle first moves over the distance vt and then changes its propagation direction by scattering. The occurrence of scattering along the distance vt is determined by whether the following inequality is satisfied:
where U 3 is the uniform random deviate between 0.0 and 1.0. The assumption of isotropic scattering means an isotropic distribution of the probability of scattering direction. Therefore, the propagation direction of the scattered particle is also calculated by equations (1) and (2) to generate a set of new parameters for the next step of calculation. Because of the simplicity of the algorithm, the Monte-Carlo simulation can be easily implemented on a personal computer with little on-board memory.
Unlike the traditional applications to the lithosphere, the MonteCarlo simulation for a laboratory rock sample with a detailed structure of grains and pores from thin sections of the sample enables us to improve the algorithm in the implementation. The characteristic scale length of hetero-geneity is a crucial parameter to control scattering effects particularly when comparable to wavelengths. The conventional Monte-Carlo simulation, however, does not use this parameter. Because multiple scatterings usually occur between grains in the heterogeneous core, the Monte-Carlo simulation can be implemented on the basis of uniform grids meshed by the characteristic scale length of heterogeneity. The calculation of free propagation distance vt is constrained between nodes in the mesh for much time savings and rapid convergence of calculations. That is, the grid spacing controls the minimum distance of scattering. This is actually a simple approach to incorporate the characteristic scale length of heterogeneity into the Monte-Carlo simulation.
In the laboratory, the rubber jackets are used to weaken boundary reflections. The remaining, however, still contaminates the tail portion (coda) of ultrasonic wavetrains significantly. The Monte-Carlo method is very flexible in incorporating boundary reflections. To investigate the effect of boundary reflections on the S-codas from laboratory measurements, two types (absorption and reflection) of boundary conditions are applied in the Monte-Carlo simulation to the boundaries of the cylindrical rock sample. If an ultrasonic energy particle encounters the absorption-type boundary, its energy leaks into the rubber jacket around the rock sample, never returning (see Figure 1a) . If an ultrasonic energy particle impacts on the reflection-type boundary, a specular reflection happens back to the rock sample, continuing scattering with its onset direction calculated by the target-plane method (see Figure 1b) .
The Monte-Carlo simulation presented in this study takes into account the multiple scattering by small-scale heterogeneities and the absorption/reflection by sample boundaries. It is proved to be a useful tool to explain the stress-dependent variations of ultrasonic attenuation and to provide insight into the ultrasonic attenuation mechanism under laboratory conditions.
NUMERICAL INVESTIGATION
The Monte-Carlo multiple-scattering simulation is applied to the ultrasonic measurements of the sandstone sample under different effective stresses to investigate the stress-associated S-coda attenuation. We focus on the scattering attenuation of S-coda waves. On the one hand, its relatively shorter wavelengths are comparable to the averaging sizes of grains and pores, leading to much stronger scattering and greater sensitivity to pore-pressure variations. On the other hand, the S-coda wave arrives after the P-coda wave in the tail portion of an ultrasonic train. Its lapse time window is prone to contaminations from boundary reflections. , and f 0 = 600 KHz is conducted under absorption and reflection boundary conditions, respectively. The S-wave velocity used for each simulation at a certain effective stress is computed by the direct S-wave traveltime measured at that stress. The resulting S-coda scattering coefficients under the absorption and reflection boundary conditions are shown in Figure 2 as a function of effective stress. We see that both the scattering coefficients decrease nonlinearly with increasing effective stress, where the critical point occurs around 20 MPa. In contrast to the absorption boundary condition, the reflection boundary condition enhances scattering effects by g=0.02 averagely at high effective stresses, which, however, increases rapidly at lower effective stresses. The boundary-reflected energy usually continues scattering toward the specular direction, hence building up some contribution to ultrasonic coda energy against lapse time. The resulting scattering coefficients by fitting the enhanced coda envelopes in the Monte-Carlo simulation become higher in contrast to the absorption boundary condition.
Based on the ultrasonic measurements of the sandstone sample tested under triaxial loading, we compute three types of attenuation quality factors. The intrinsic attenuation quality factor Q S for direct S waves is calculated by the spectral ratio method (Toksöz et al., 1979) with the assumption of constant quality factors over the whole bandwidth. The multiplescattering S-coda attenuation Q SCM is calculated by the MonteCarlo multiple-scattering simulation under the reflection boundary condition. The single-scattering S-coda attenuation Q SCS is calculated by the single-scattering model using the Eq. 3.36 in Sato et al. (1998) . It is characterized by the decay gradient against lapse time. To avoid boundary reflections, we use a normal S-coda window for the estimation of the singlescattering S-coda attenuation Q SCS , with its onset and length are the same as those used for the multiple-scattering S-coda in the Monte-Carlo simulation. The resulting S-coda window is contaminated by boundary reflections so as to compare with the multiple-scattering S-coda attenuation Q SCM obtained by the Monte-Carlo multiple-scattering simulation under the reflection boundary condition. Comparison of the intrinsic, the single-scattering, and the multiple-scattering attenuation quality factors are plotted in Figure 3 versus effective stress It should be noted that both the single-scattering and multiple-scattering attenuation quality factors contain the effect of boundary reflections. We see that the single-scattering model significantly underestimates ultrasonic S-coda attenuation. The scale dependence of ultrasonic S-coda attenuation on effective stress shows a strong nonlinear correlation. Differences between intrinsic and coda scattering attenuation processes with effective stress are obvious because scattering processes affect the two types of waves differently. Coda scattering attenuation appears a great sensitivity to stress changes.
Fluid movements in pores/microcracks and grain-to-grain contacts are significantly affected by variations in effective stress. Pore pressure build-up due to injection leads to a decrease in effective stress and an increase in rock compliance, resulting in profound changes in coda attenuation. From Figure  3 , we can clearly see that the multiple-scattering S-coda scattering attenuation, against the intrinsic attenuation quality factor Q S for direct S waves, presents a quite different nonlinear feature versus stress variations at low effective stresses. When the effective stress is high, the attenuation versus stress for both direct and coda waves behaves quite similar and remains fairly stable in the range of effective stresses around 30-60 MPa, with less stress sensitivity. At this stage, high effective stresses loading on fractures, grain boundaries and microcracks reduce their compliance nonlinearly and decrease fracture opening and pore size, thus, increasing the stiffness of the rock and decreasing permeability (Schoenberg, 2002) . They consequently reduce intrinsic attenuation and coda wave attenuation as effective stress grows. Attenuation for both types of waves occurs is higher at lower stresses from 30 MPa, but with coda attenuation much faster and stronger. Coda attenuation grows drastically and surpasses direct waves at 15 MPa. In fact, increased pore pressure would compress the pore lining clays adjacent to framework grain contacts, leading to higher stiffness for normal compression and lower resistance to tangential displacements (Dvorkin et al., 1991) . It consequently causes a faster and stronger attenuation for both the direct and coda waves.
CONCLUSIONS
Based on the ultrasonic measurements under the triaxial loading conditions of different stresses for a cylindrical sandstone sample with amounts of intra-grain pores and microcracks, we investigate the influence of pore-pressure induced stress changes on S-coda attenuation. The main conclusions can be summarized as follows: 1) Ultrasonic coda attenuation is strongly dependent on the small-scale random heterogeneities of rocks, including fracture surfaces, grain boundaries, microcracks, and joint faces in rocks. These microstructures are all sensitive to stress changes, conversely resulting in stress-associated coda attenuation.
2) Considering the complexity of ultrasonic waveforms measured from laboratory experiments in the finite cylindrical environment, the Monte-Carlo simulation is an excellent tool to synthesize ultrasonic envelopes, which is very flexible in incorporating the effects of multiple scatterings and boundary reflections on coda waves.
3) Attenuation versus stress for both direct and coda waves behaves quite similar and remains fairly stable in the range of effective stresses around 60-30 MPa, with less stress sensitivity. At this stage, high effective stresses loading on pores/microcracks and grain-to-grain boundaries reduce rock compliance, thus increasing rock stiffness. Enhanced attenuation for both waves occurs at lower stresses from 30 MPa, but with coda attenuation much faster and stronger, presenting a quite different nonlinear feature versus stress variations. Coda attenuation increases drastically and surpasses direct waves at 15 MPa. At this stage, increased pore pressure would compress the pore lining clays adjacent to framework grain contacts, leading to an increase in rock compliance, thus, increasing stiffness for normal compression and decreasing resistance to tangential displacements. Comparison of the intrinsic and coda attenuations induced by stress variations shows a greater sensitivity of coda attenuation to high pore pressures. In a word, the results presented in this study improve our understanding of the mechanism of ultrasonic coda attenuation and its scaling dependence on stress.
